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57 ABSTRACT

Unique systems, methods, techniques and apparatuses of
motor starters are disclosed. One exemplary embodiment is
a synchronous machine including a plurality of stator phase
windings, a rotor, a motor starter, and a controller. The motor
starter includes a plurality of wye semiconductor switches
and a plurality of delta semiconductor switches. The con-
troller is structured to operate the plurality of wye semicon-
ductor switches and the plurality of delta semiconductor
switches so as to couple the plurality of stator phase wind-
ings in a delta configuration while an angular speed of the
rotor is less than a synchronous speed, and structured to
operate the plurality of wye semiconductor switches and the
plurality of delta semiconductor switches so as to couple the
plurality of stator phase windings in a wye configuration in
response to the angular speed of the rotor being equal to the
synchronous speed.
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1
MOTOR STARTER FOR SYNCHRONOUS
MACHINE

BACKGROUND

The present disclosure relates generally to motor starters.
A synchronous machine undergoes a startup operation to
reach synchronous speed. For a synchronous machine
directly connected to utility grid, the synchronous speed of
the synchronous machine is based on the frequency of the
power from the grid and the pole count of the rotor and
stator. During startup operation, inrush current magnitudes
tend to spike. Where the synchronous machine is connected
to the power source without an intervening variable fre-
quency drive, a motor starter is often used to limit inrush
current.

Synchronous machines may be used to rotate loads with
a high rotary inertia, such as fans centrifuges, or conveyors.
Certain synchronous machines are unable to operate at
synchronous speed with a high rotary inertia load that is
rotatable by an equally rated induction motor. This defi-
ciency is due to an inability to bring a high rotary inertia load
to synchronous speed with conventional motor starters. For
example, FIG. 8A depicts a graph 800 illustrating startup
operation using a conventional direct-on-line starter for a
synchronous motor coupled to a fan with an inertia of 16
Ib-fi*. Graph 800 includes a line 801 representing angular
speed. As the conventional direct-on-line motor starter
begins to operate the synchronous motor, angular speed
increases but stops short of synchronous speed 803, instead
oscillating around approximately 1600 rpm. The conven-
tional motor starter is unable to produce adequate torque to
pull the motor into synchronous operation.

Existing motor startup operations suffer from a number of
shortcomings and disadvantages. There remain unmet needs
including reducing hardware complexity and reducing
machine power losses. For instance, synchronous machines
rotating a high rotary inertia load require costly variable
frequency drives that generate switching power losses dur-
ing of operation. There is a significant need for the unique
apparatuses, methods, systems and techniques disclosed
herein.

DISCLOSURE OF ILLUSTRATIVE
EMBODIMENTS

For the purposes of clearly, concisely and exactly describ-
ing non-limiting exemplary embodiments of the disclosure,
the manner and process of making and using the same, and
to enable the practice, making and use of the same, reference
will now be made to certain exemplary embodiments,
including those illustrated in the figures, and specific lan-
guage will be used to describe the same. It shall nevertheless
be understood that no limitation of the scope of the present
disclosure is thereby created, and that the present disclosure
includes and protects such alterations, modifications, and
further applications of the exemplary embodiments as would
occur to one skilled in the art with the benefit of the present
disclosure.

SUMMARY

Exemplary embodiments include unique systems, meth-
ods, techniques and apparatuses for a motor starter. Further
embodiments, forms, objects, features, advantages, aspects
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2

and benefits of the disclosure shall become apparent from
the following description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a circuit diagram of an exemplary synchronous
machine startup system.

FIG. 2 is an exemplary synchronous machine.

FIGS. 3-7 are graphs illustrating startup operation of the
exemplary synchronous machine startup system of FIG. 1.

FIGS. 8A-8B are graphs comparing operation of a con-
ventional motor starter and an exemplary motor starter.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

With reference to FIG. 1 there is illustrated an exemplary
synchronous machine startup system 100 including motor
starter 120. System 100 is structured to operate at synchro-
nous speed while coupled to a high rotary inertia load. In
certain embodiments, high rotary inertia is defined by the
critical inertia values for induction machines in the NEMA
MG-1 standard. In certain embodiments, high rotary inertia
is one tenth of the critical inertia values of the NEMA MG-1
standard. It shall be appreciated that synchronous machine
startup system 100, sometimes referred to as system 100,
may be implemented in a variety of high rotary inertia load
applications, including fans, fan walls, centrifuges, or con-
veyors to name but a few examples. Furthermore, the
illustrated embodiments are not intended to in any way limit
the application of exemplary motor starter 120 to a subset of
synchronous machines or AC power sources based on the
electrical or mechanical characteristics illustrated and
described herein. For example, exemplary motor starter 120
may be incorporated into synchronous machine systems
having any line-to-line voltage of power from AC power
source, any number of AC power phases or stator phase
windings greater two, any synchronous machine electric
power rating, and any synchronous machine horsepower
rating, to name but a few examples.

System 100 includes an AC power source 101 coupled to
a synchronous machine 110. AC power source 101 may
include a power distribution network, such as a utility grid,
or a power generation system, to name but a few examples.
AC power source 101 transmits three-phase AC power
having a line frequency from output terminals 103, 105, and
107 to synchronous machine 110. The line frequency of the
AC power transmitted by AC power source 101 may be
within a range between 45 Hz and 65 Hz. System 100 is a
direct-on-line system, meaning synchronous machine 110
receives AC power from AC power source 101 that is
unmodified by an intervening variable frequency drive. The
AC power transmitted by AC power source 101 includes
electrical characteristics such as line-to-line voltages V,,
across terminals 103 and 105, V,_ across terminals 105 and
107, and V_ across terminals 103 and 107. The AC power
also includes electrical characteristics such as phase current
1, flowing from terminal 103, current I, flowing from ter-
minal 105, and current I flowing from terminal 107. In other
embodiments, system 100 includes an AC power source 101
structured to transmit AC power having two or more phases
and synchronous machine 110 includes a number of stator
phase windings equal to the number of phases.

Synchronous machine 110 includes stator phase windings
113, 115, and 117. Each stator phase winding includes a first
terminal and a second terminal. The first terminal of each of
the stator phase windings is coupled to AC power source 101
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and the second terminal of each stator phase winding is
selectively coupled to a common node 119. The first termi-
nal of winding 113 is coupled to output terminal 103. The
first terminal of winding 115 is coupled to output terminal
105. The first terminal of winding 117 is coupled to output
terminal 107. The voltages across windings 113, 115, and
117 are represented by voltages V5, V5, and V.,
respectively.

Motor starter 120 includes a plurality of delta semicon-
ductor switches 121 and a plurality of wye semiconductor
switches 122 coupled to controller 129 and structured to
receive control signals from controller 129 effective to
selectively open and close each switch. Controller 129 is
structured to arrange stator phase windings 113, 115, and
117 in a delta configuration during startup operation and a
wye configuration during steady state operation. In certain
embodiments, startup operation includes a first time period
where stator phase windings 113, 115, and 117 are arranged
in a wye configuration followed by a second time period
wherein stator phase windings 113, 115, and 117 are
arranged in a delta configuration.

The plurality of delta semiconductor switches 121
includes semiconductor switches 123, 125, and 127. Semi-
conductor switch 123 is coupled between the second termi-
nal of stator phase winding 113 and the first terminal of
stator phase winding 115. Semiconductor switch 125 is
coupled between the second terminal of stator phase wind-
ing 115 and the first terminal of stator phase winding 117.
Semiconductor switch 127 is coupled between the second
terminal of stator phase winding 117 and first terminal of
stator phase winding 113.

The plurality of wye semiconductor switches 122 includes
semiconductor switches 124, 126, and 128. Semiconductor
switch 124 is coupled between the second terminal of
winding 113 and a common node 119. Semiconductor
switch 126 is coupled between the second terminal of
winding 115 and a common node 119. Semiconductor
switch 128 is coupled between the second terminal of
winding 117 and the common node 119. In certain embodi-
ments, the plurality of wye semiconductor switches 122 only
includes two of switches 124, 126, and 128.

In certain embodiments, system 100 includes a bypass
circuit including a plurality of bypass switches coupled
between each stator phase winding and AC power source
101 effective to bypass the plurality of delta semiconductor
switches 121 and the plurality of wye semiconductor
switches 122. When the plurality of delta semiconductor
switches 121 and the plurality of wye semiconductor
switches 122 are opened and the bypass switches are closed,
stator phase windings 113, 115, and 117 are arranged in a
wye configuration.

Controller 129 is structured to control the arrangement of
stator phase windings of synchronous machine 110 in a wye
configuration by toggling the switches of the plurality of
wye semiconductor switches 122 while opening the switches
of the plurality of delta semiconductor switches 121. Con-
troller 129 is structured to arrange the stator phase windings
of synchronous machine 110 in a delta configuration by
opening the switches of the plurality of wye semiconductor
switches 122 and toggling the switches of the plurality of
delta semiconductor switches 121. Determining whether to
arrange stator phase windings 113, 115, and 117 in a wye
configuration or a delta configuration is determined by
controller 129 using current measurements. The current
measurements received by controller 129 correspond to
machine conditions that indicate to controller 129 that stator
phase windings must be arranged in a delta configuration in
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order to generate sufficient pull-in torque during startup
operation to reach synchronous speed. The toggling of the
switches by controller 129 is determined by electrical char-
acteristics of machine 110 such as current thresholds based
on current ratings of synchronous machine 110. Timing of
the switch toggling may correspond to a determined firing
angle necessary to maintain currents 1, I,, and I_ at or below
a current threshold. Each switch of motor starter 120 is
structured to be opened and closed in a substantially zero-
current condition, such as less than 5% of nominal current
magnitude.

In the illustrated embodiments, each of the semiconductor
switches of motor starter 120 is a bidirectional triode thy-
ristor (TRIAC). In other embodiments, one or more of the
semiconductor switches of motor starter 120 may instead
include one or more thyristors, insulated-gate bipolar tran-
sistors (IGBTs), bipolar junction transistors (BJTs), metal-
oxide-semiconductor field-effect transistors (MOSFETs),
gate turn-off thyristors (GTOs), MOS-controlled thyristors
(MCTs), integrated gate-commutated thyristors (IGCTs),
silicon carbide (SiC) switching devices, gallium nitride
(GaN) switching devices, or any other type of semiconduc-
tor switch structured to selectively control the flow of
electric current. A semiconductor switch of motor starter 120
may include two semiconductor switches coupled in an
anti-parallel configuration, such as two thyristors. It shall be
appreciated that any or all of the foregoing features of
system 100 may also be present in the other synchronous
machine systems disclosed herein.

With reference to FIG. 2 there is illustrated an exemplary
synchronous machine system 200 structured to exert a
rotational force on a load 240. System 200 includes an AC
power source 210, a motor starter 220, and a synchronous
machine 230.

Synchronous machine 230 includes a stator 231 and a
rotor 233. Stator 231 includes a plurality of stator phase
windings 237, wound around a plurality of stator teeth. The
plurality of stator phase windings 237 is coupled to AC
power source 210 and structured to receive AC power from
AC power source 210 and is selectively arranged by motor
starter 220 in either a delta configuration or a wye configu-
ration. AC power source 210 is directly coupled to stator 231
in that system 200 does not include a variable frequency
drive to modify the voltage and fundamental, or line, fre-
quency of the AC power provided to stator 231. Other
components, such as circuit breakers, relays, or filters may
be operatively coupled between the directly coupled AC
power source 210 and stator 231.

Rotor 233 is coupled to load 240 by way of a shaft 235.
In certain embodiments, rotor 233 is coupled to load 240 by
way of a gearbox or a belt arrangement. In other embodi-
ments, rotor 233 is directly coupled to load 240.

Stator 231 is structured to exert an electromagnetic force
on rotor 233 causing rotational movement of rotor 233, shaft
235, and load 240. During steady state operation of machine
230, rotor 233 rotates at synchronous speed. The rotational
speed of rotor 233 at synchronous speed is equal to the
frequency of the AC power received from AC power source
210 multiplied by 120 and divided by the number of poles
of rotor 233. For example, a synchronous machine with a
four-pole rotor receiving AC power with a frequency of 60
Hz has a synchronous speed of 1800 revolutions per minute
(rpm). In certain embodiments, rotor 233 is a caged rotor
permanent magnet, also known as caged permanent magnet
rotor, comprising a squirrel cage and a plurality of perma-
nent magnets. In certain embodiments, machine 230 is a line
start synchronous reluctance motor and rotor 233 is a line
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start synchronous reluctance rotor. The rotor may include a
plurality of flux barriers and may include a plurality of
permanent magnets inserted into rotor cavities. In certain
embodiments, rotor 233 includes a field winding instead of
a plurality of permanent magnets.

During startup operation, motor starter 220 operates to
increase the angular speed of rotor 233 from a lesser speed
to synchronous speed while maintaining motor current lev-
els at or below a maximum current threshold. Synchronous
machine 230 may start from a standstill, but machine 230
may also begin the startup operation while rotor 233 is
rotating, such as following a recent power failure or an
incomplete machine shutdown operation.

Load 240 is a fan or another type of load with a high
rotary inertia. As the rotary inertia of load 240 increases, the
amount of pull-in torque required by synchronous machine
230 to reach synchronous speed also increases. An induction
motor requires significantly less torque to complete motor
startup with the same load. Due to the differences in motor
design, a synchronous machine with a conventional motor
starter may only be able to synchronize with a load having
a rotary inertia less than half of a load that can be operated
with an induction motor of the same power rating. As
explained by the following figures, the illustrated motor
starter increases the synchronization capability of synchro-
nous machine 230 by as much as five times. In other
embodiments, an exemplary motor starter may increase the
synchronization capability of a synchronous machine by
more than five times.

With reference to FIGS. 3-7 there are graphs illustrating
operation of synchronous machine startup system 100 in
FIG. 1, machine 110 being a 50 HP synchronous machine
coupled to a load with a load inertia of 232 Ib-fi* and having
a synchronous speed of 1800 rpm. It is important to note the
load inertia of 232 Ib-ft? is the critical inertia value defined
by NEMA MG-1 for a 50 HP induction motor.

At time t,, startup operation of synchronous machine 110
commences as motor starter 120 arranges stator phase
windings 113, 115, and 117 in a wye configuration and AC
power source 101 begins to provide power to synchronous
machine 110. At time t;, motor starter 120 transitions stator
phase windings 113, 115, and 117 from a wye configuration
to a delta configuration. At time t,, motor starter 120 enters
steady state operation by transitioning stator phase windings
113, 115, and 117 from a delta configuration to a wye
configuration. It shall be appreciated that the electrical
characteristics of winding 113 have been illustrated since the
other windings follow the same pattern as the illustrated
phase. In other embodiments, the stator phase windings of
synchronous machine 110 are only arranged in a delta
configuration during startup operation. In certain embodi-
ments, motor starter 120 includes a bypass switches and
motor starter 120 arranges the stator phase windings in a
wye configuration at time t, by opening the plurality of delta
semiconductor switches 121 and the plurality of wye semi-
conductor switches 122 while closing the bypass switches.
The bypass switches are each coupled between a common
node and a respective one of the plurality of stator phase
windings.

With reference to FIG. 3 there is a graph 300 illustrating
line current during startup operation. Graph 300 includes
line 301 representing line current I, magnitude. Graph 300
includes a maximum current threshold 303. In certain
embodiments, maximum current threshold 303 corresponds
to a starting locked rotor current maximum defined by
NEMA MG-1 standard. In certain embodiments, maximum
current threshold is a user-defined value, such as a percent-
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age of a machine current rating. For example, maximum
locked rotor current for a 50 HP synchronous machine is
725; however, a user has reduced maximum current thresh-
old 303 to 330 A.

At time ty,,,,,, voltage across winding 113 reaches a
maximum value for the wye configuration and line current
1, begins to decline. Graph 300 also includes a delta current
threshold 305 being two-thirds of current threshold 303.
Delta current threshold 305 corresponds to an operating
condition of system 100 where more torque is derived from
the stator phase windings being arranged in the delta con-
figuration rather than the wye configuration. In other
embodiments, delta current threshold 305 is another per-
centage of current threshold 303. As machine 110
approaches synchronous speed, line current begins to
decline sharply. At time t,, controller 129 arranges the stator
phase windings of machine 110 in a delta configuration in
response to a machine current such as line current I, being
equal to or less than threshold 305. Changing from wye
configuration to delta configuration at a speed close to
synchronous speed allows synchronous machine to exert
additional torque necessary for reaching synchronous speed.
In certain embodiments, threshold 305 is determined so as to
maintain a constant angular acceleration, illustrated by the
slope of line 701 in FIG. 7.

At time t,, controller 129 arranges the stator phase wind-
ings of synchronous machine 110 in a wye configuration in
response to a machine current such as phase current I, being
equal to or less than a steady state current threshold 307.

During operation of machine 110, controller 129 does not
allow line current I, to exceed threshold current 303. As
discussed in more detail below, controller 129 maintains the
line current at or below maximum current threshold 303 by
toggling the switches of motor starter 120 during startup
operation.

With reference to FIG. 4 there is a graph 400 illustrating
winding voltage magnitude V5. Graph 400 includes a line
403 representing the maximum voltage of the AC power
received from AC power source 101 across winding 113
while the stator windings of machine 110 are coupled in a
delta configuration. Graph 400 also includes a line 405
representing the maximum voltage of the AC power
received from AC power source 101 across winding while
the stator windings of machine 110 are coupled in a wye
configuration. In the illustrated embodiment, the magnitude
of line 405 is equal to the magnitude of line 403 divided by
the square root of three. Beginning at time t,, line 401
representing winding voltage V5 approaches line 405. At
time ty,,,;, line 401 reaches a maximum value until time
t,. At time t,, line 401 increases above line 405 until time
tyarsxs, Where winding voltage V,,; reaches a magnitude
between lines 403 and 405. The magnitude of the winding
voltage reached at time t,,,,, may be defined as a percent-
age above line 405. In certain embodiments, the magnitude
of winding voltage V|, ; reached at time t, ,, .~ is 5% above
the magnitude of line 405. At time t,, machine enters steady
state operation and the stator phase windings are arranged in
the wye configuration, causing voltage V,,; to maximum
wye configuration voltage.

With reference to FIG. 5 there is illustrated a graph 500
representing firing angles of the semiconductor switches of
motor starter 120. Graph 500 includes a line 501 represent-
ing the firing angle of the control signal transmitted to the
plurality of wye semiconductor switches 122 while control-
ler 129 operates the switches of motor starter 120 in a wye
configuration. It is important to note the plurality of delta
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switches 121 are open between t, and t,, and therefore do not
receive a control signal effective to toggle the switches.

Graph 500 includes a line 503 representing the firing
angle of the control signal transmitted to the plurality of
delta semiconductor switches 121 while controller 129 oper-
ates the switches of starter 120 in a delta configuration. It is
important to note the plurality of wye semiconductor
switches 122 are open between t; and t,, and therefore do not
receive a control signal effective to toggle the switches.

Graph 500 includes a line 505 representing the firing
angle of the control signal transmitted to the plurality of wye
semiconductor switches 122 while controller 129 operates
the switches of motor starter 120 in steady state operation.
It is important to note the plurality of delta switches 121 are
open after t, and the plurality of wye semiconductor
switches 122 are closed with a zero-degree firing angle to
supply motor with undistorted line voltage during steady
state operation. In other embodiments, both the plurality of
wye semiconductor switches 122 and the plurality of delta
switches 121 are open and bypass circuit switches are
closed, arranging the stator phase windings in a wye con-
figuration.

With reference to FIG. 6 there is a graph 600 illustrating
output torque of synchronous machine 110. Graph 600
includes a line 601 representing torque produced by syn-
chronous machine 110. As illustrated by line 601, torque
increases in response to controller 129 transitioning the
switches of motor starter 120 from wye configuration to
delta configuration. This provided increase in torque is
necessary for certain synchronous machines to reach syn-
chronous speed with a high rotary inertia load.

With reference to FIG. 7 there is a graph 700 illustrating
angular rotor speed of synchronous machine 110. Graph 700
includes a line 701 representing angular speed during startup
operation and steady state operation. Graph 700 also
includes a line at 1800 rpm representing synchronous speed.
It is important to note at time t;, where output torque is
decreasing, machine 110 has not yet reached synchronous
speed. Synchronous machine 110 is only able to achieve
synchronous speed with a high inertia load when motor
starter 120 arranges the stator phase windings in a delta
configuration and applies a voltage to the stator phase
windings greater than the maximum magnitude of winding
voltage achievable while arrange in a wye configuration.

With reference to FIGS. 8A-8B there is illustrated opera-
tion of a conventional direct-on-line motor starter and an
exemplary direct-on-line motor starter coupled to a 20 HP
caged rotor permanent magnet synchronous motor with a
load having a high rotary inertia. Both motor starters receive
AC power having a line-to-line voltage of 460 V. Synchro-
nous speed for the synchronous motor is 1800 rpm.

With reference to FIG. 8B there is a graph 810 illustrating
a startup operation for the motor coupled to a fan having a
rotary inertia of 71 Ib-ft?, a rotary inertia 4.4 times the rotary
inertia of the fan coupled to the motor with the conventional
motor starter in FIG. 8A. During startup operation, the stator
phase windings of the motor are arranged in a delta con-
figuration. Graph 810 includes a line 811 representing angu-
lar speed. At time 0, motor starter 120 begins to apply a
voltage of 358 V across each stator phase winding, a
magnitude 35% greater than the maximum winding voltage
while the stator phase windings are arranged in a wye
configuration. As the exemplary motor starter 120 begins to
operate synchronous machine 110, angular speed increases
until angular speed reaches synchronous speed 813 at 3500
ms. Since the exemplary motor starter is able to couple the
stator phase windings in a delta configuration while applying
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a voltage greater than the maximum voltage achievable
while coupled in a wye configuration, the motor starter is
structured to provide sufficient torque for the synchronous
machine to reach synchronous speed 813.

Further written description of a number of exemplary
embodiments shall now be provided. One embodiment is a
synchronous machine comprising: a plurality of stator phase
windings; a rotor; a motor starter including: a plurality of
wye semiconductor switches each coupled between a com-
mon node and a respective one of the plurality of stator
phase windings of the plurality of stator phase windings, and
a plurality of delta semiconductor switches each coupled
between a respective pair of two stator phase windings of the
plurality of stator phase windings; and a controller struc-
tured to operate the plurality of wye semiconductor switches
and the plurality of delta semiconductor switches so as to
couple the plurality of stator phase windings in a delta
configuration while an angular speed of the rotor is less than
a synchronous speed, and structured to operate the plurality
of wye semiconductor switches and the plurality of delta
semiconductor switches so as to couple the plurality of stator
phase windings in a wye configuration in response to the
angular speed of the rotor being equal to the synchronous
speed.

In certain forms of the foregoing synchronous machine,
the rotor includes a squirrel cage and a plurality of perma-
nent magnets, and wherein the rotor is coupled to a fan. In
certain forms, the plurality of stator phase windings is
structured to be coupled to an AC power source, the AC
power source being structured to output three-phase power
having a first line-to-line voltage magnitude, wherein, while
the plurality of stator phase windings is coupled in a delta
configuration, a winding voltage magnitude across each of
the plurality of stator phase windings is greater than a value
equal to the first line-to-line voltage magnitude divided by
the square root of three. In certain forms, while the plurality
of stator phase windings is coupled in a delta configuration,
each switch of the plurality of delta semiconductor switches
is toggled effective to reduce an inrush current below a
maximum current threshold. In certain forms, the plurality
of wye semiconductor switches includes three bidirectional
triode thyristors (TRIACs) and the plurality of delta semi-
conductor switches includes three TRIACs, and wherein the
controller is structured to toggle the plurality of delta
semiconductor switches by adjusting a firing angle of the
three thyristors of the plurality of delta semiconductor
switches. In certain forms, the controller is structured to start
the synchronous machine by arranging the plurality of stator
phase windings in the wye configuration using the plurality
of wye semiconductor switches and the plurality of delta
semiconductor switches, determining a motor phase current
is less than a delta current threshold, and then arranging the
plurality of stator phase windings in the delta configuration
using the plurality of wye semiconductor switches and the
plurality of delta semiconductor switches until the angular
speed of the rotor is equal to the synchronous speed. In
certain forms, while the rotor is rotating at less than syn-
chronous speed and the stator phase windings are coupled in
the wye configuration, the controller is structured to toggle
the plurality of wye semiconductor switches effective to
reduce an inrush current below a maximum current thresh-
old. In certain forms, the motor starter comprises a bypass
circuit including a plurality of bypass switches each coupled
between a second common node and a respective one of the
plurality of stator phase windings, and wherein the control-
ler couples the plurality of stator phase windings in a wye
configuration in response to the angular speed of the rotor
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being equal to the synchronous speed by opening the plu-
rality of wye semiconductor switches and the plurality of
delta semiconductor switches and closing the plurality of
bypass switches.

Another exemplary embodiment is a motor starter for a
synchronous machine including a rotor and a plurality of
stator phase windings comprising: a plurality of wye con-
figuration switches each coupled to a common node and
structured to be coupled to a stator phase winding of the
plurality of stator phase windings; a plurality of delta
configuration switches each structured to be coupled to two
stator phase windings of the plurality of stator phase wind-
ings; and a controller structured to operate the synchronous
machine in a startup mode and a steady state mode, wherein
the startup mode includes opening each switch of the
plurality of wye configuration switches and toggling each
switch of the plurality of delta configuration switches effec-
tive to provide a modified AC power to the plurality of stator
phase windings, wherein the steady state mode includes
opening the plurality of delta configuration switches, and
wherein the controller transitions from startup mode to
steady state mode in response to determining the rotor is
rotating at a synchronous speed.

In certain forms of the foregoing motor starter, the motor
starter receives an unmodified AC power from an AC power
source including a first line-to-line voltage, and the modified
AC power includes a voltage across each stator phase
winding of the plurality of stator phase windings greater
than a value equal to the first line-to-line voltage divided by
the square root of three. In certain forms, the motor starter
is structured to toggle the delta configuration switches
effective to reduce an inrush current to below a maximum
current threshold. In certain forms, startup mode includes
toggling the plurality of wye configuration switches and
opening the plurality of delta configuration switches until a
motor current falls below a delta current threshold, and then
opening each switch of the plurality of wye configuration
switches and toggling each switch of the plurality of delta
configuration switches in response to the motor current
falling below the delta current threshold. In certain forms,
toggling the plurality of wye configuration switches during
startup mode is effective to maintain a motor current below
a maximum current threshold. In certain forms, toggling the
plurality of wye configuration switches includes adjusting a
first firing angle and toggling the delta configuration
switches includes adjusting a second firing angle.

A further exemplary embodiment is a method for starting
a synchronous machine coupled to a high inertia load
comprising: operating a motor starter including a plurality of
wye semiconductor switches each coupled between a com-
mon node and one stator phase winding of a plurality of
stator phase windings, and a plurality of delta semiconductor
switches each coupled between two stator phase windings of
the plurality of stator phase windings; arranging the plurality
of stator phase windings in a delta configuration using the
motor starter; receiving an unmodified AC power from a
power source including a first line-to-line voltage; providing
a modified AC power to the plurality of stator phase wind-
ings using the motor starter, the modified AC power includ-
ing a winding voltage across each of the plurality of stator
phase windings greater than a value equal to the first
line-to-line voltage divided by the square root of three;
determining an angular speed of a rotor of the synchronous
machine is equal to a synchronous speed; and arranging the
plurality of stator phase windings in a wye configuration
using the motor starter in response to determining the
angular speed of the rotor is equal to the synchronous speed.
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In certain forms of the foregoing method, the high inertia
load is a fan and the rotor includes a plurality of permanent
magnets. In certain forms, the unmodified AC power
includes a first phase and a second phase, and the first
line-to-line voltage is the voltage across the first phase and
the second phase. In certain forms, arranging the plurality of
stator phase windings in a delta configuration includes
opening the plurality of wye semiconductor switches and
toggling the plurality of delta semiconductor switches effec-
tive to reduce an inrush current below a maximum current
threshold. In certain forms, the method comprises arranging
the plurality of stator phase windings in a startup wye
configuration; determining a current is below a delta current
threshold, wherein arranging the plurality of stator phase
windings in the delta configuration is performed in response
to determining the current is below the delta current thresh-
old, and wherein arranging the plurality of stator phase
windings in the startup wye configuration includes opening
the delta semiconductor switches and toggling the wye
semiconductor switches. In certain forms, toggling the plu-
rality of wye semiconductor switches and the plurality of
delta semiconductor switches includes opening and closing
each switch during zero-current conditions. In certain forms,
the motor starter comprises a bypass circuit including a
plurality of bypass switches, and wherein arranging the
plurality of stator phase windings in a wye configuration
using the motor starter includes opening the plurality of wye
semiconductor switches, opening the plurality of delta semi-
conductor switches, and closing the plurality of bypass
switches.

It is contemplated that the various aspects, features,
processes, and operations from the various embodiments
may be used in any of the other embodiments unless
expressly stated to the contrary. Certain operations illus-
trated may be implemented by a computer executing a
computer program product on a non-transient, computer-
readable storage medium, where the computer program
product includes instructions causing the computer to
execute one or more of the operations, or to issue commands
to other devices to execute one or more operations.

While the present disclosure has been illustrated and
described in detail in the drawings and foregoing descrip-
tion, the same is to be considered as illustrative and not
restrictive in character, it being understood that only certain
exemplary embodiments have been shown and described,
and that all changes and modifications that come within the
spirit of the present disclosure are desired to be protected. It
should be understood that while the use of words such as
“preferable,” “preferably,” “preferred” or “more preferred”
utilized in the description above indicate that the feature so
described may be more desirable, it nonetheless may not be
necessary, and embodiments lacking the same may be con-
templated as within the scope of the present disclosure, the
scope being defined by the claims that follow. In reading the
claims, it is intended that when words such as an,” “at
least one,” or “at least one portion” are used there is no
intention to limit the claim to only one item unless specifi-
cally stated to the contrary in the claim. The term “of” may
connote an association with, or a connection to, another
item, as well as a belonging to, or a connection with, the
other item as informed by the context in which it is used. The
terms “coupled to,” “coupled with” and the like include
indirect connection and coupling, and further include but do
not require a direct coupling or connection unless expressly
indicated to the contrary. When the language “at least a
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portion” and/or “a portion” is used, the item can include a
portion and/or the entire item unless specifically stated to the
contrary.

What is claimed is:

1. A synchronous machine comprising:

a plurality of stator phase windings;

a rotor;

a motor starter including:

a plurality of wye semiconductor switches each
coupled between a common node and a respective
one of the plurality of stator phase windings of the
plurality of stator phase windings, and

a plurality of delta semiconductor switches each
coupled between a respective pair of two stator phase
windings of the plurality of stator phase windings;
and

a controller structured to operate the plurality of wye

semiconductor switches and the plurality of delta semi-
conductor switches so as to couple the plurality of
stator phase windings in a delta configuration while an
angular speed of the rotor is less than a synchronous
speed, and structured to operate the plurality of wye
semiconductor switches and the plurality of delta semi-
conductor switches so as to couple the plurality of
stator phase windings in a wye configuration in
response to the angular speed of the rotor being equal
to the synchronous speed.

2. The synchronous machine of claim 1 wherein the rotor
includes a squirrel cage and a plurality of permanent mag-
nets, and wherein the rotor is coupled to a fan.

3. The synchronous machine of claim 1 wherein the
plurality of stator phase windings is structured to be coupled
to an AC power source, the AC power source being struc-
tured to output three-phase power having a first line-to-line
voltage magnitude, wherein, while the plurality of stator
phase windings is coupled in a delta configuration, a wind-
ing voltage magnitude across each of the plurality of stator
phase windings is greater than a value equal to the first
line-to-line voltage magnitude divided by the square root of
three.

4. The synchronous machine of claim 3 wherein while the
plurality of stator phase windings is coupled in a delta
configuration, each switch of the plurality of delta semicon-
ductor switches is toggled effective to reduce an inrush
current below a maximum current threshold.

5. The synchronous machine of claim 4 wherein the
plurality of wye semiconductor switches includes three
bidirectional triode thyristors (TRIAC) and the plurality of
delta semiconductor switches includes three TRIACs, and
wherein the controller is structured to toggle the plurality of
delta semiconductor switches by adjusting a firing angle of
the three thyristors of the plurality of delta semiconductor
switches.

6. The synchronous machine of claim 1 wherein the
controller is structured to start the synchronous machine by
arranging the plurality of stator phase windings in the wye
configuration using the plurality of wye semiconductor
switches and the plurality of delta semiconductor switches,
determining a motor phase current is less than a delta current
threshold, and then arranging the plurality of stator phase
windings in the delta configuration using the plurality of
wye semiconductor switches and the plurality of delta
semiconductor switches until the angular speed of the rotor
is equal to the synchronous speed.

7. The synchronous machine of claim 6 wherein, while the
rotor is rotating at less than synchronous speed and the stator
phase windings are coupled in the wye configuration, the
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controller is structured to toggle the plurality of wye semi-
conductor switches effective to reduce an inrush current
below a maximum current threshold.

8. The synchronous machine of claim 1 wherein the motor
starter comprises a bypass circuit including a plurality of
bypass switches each coupled between a second common
node and a respective one of the plurality of stator phase
windings, and wherein the controller couples the plurality of
stator phase windings in a wye configuration in response to
the angular speed of the rotor being equal to the synchronous
speed by opening the plurality of wye semiconductor
switches and the plurality of delta semiconductor switches
and closing the plurality of bypass switches.

9. A motor starter for a synchronous machine including a
rotor and a plurality of stator phase windings comprising:

a plurality of wye configuration switches each coupled to

a common node and structured to be coupled to a stator
phase winding of the plurality of stator phase windings;

a plurality of delta configuration switches each structured

to be coupled to two stator phase windings of the
plurality of stator phase windings; and

a controller structured to operate the synchronous

machine in a startup mode and a steady state mode,
wherein the startup mode includes opening each switch
of the plurality of wye configuration switches and
toggling each switch of the plurality of delta configu-
ration switches effective to provide a modified AC
power to the plurality of stator phase windings, wherein
the steady state mode includes opening the plurality of
delta configuration switches, and wherein the controller
transitions from startup mode to steady state mode in
response to determining the rotor is rotating at a
synchronous speed.

10. The motor starter of claim 9 wherein the motor starter
receives an unmodified AC power from an AC power source
including a first line-to-line voltage, and the modified AC
power includes a voltage across each stator phase winding of
the plurality of stator phase windings greater than a value
equal to the first line-to-line voltage divided by the square
root of three.

11. The motor starter of claim 9 wherein the motor starter
is structured to toggle the delta configuration switches
effective to reduce an inrush current to below a maximum
current threshold.

12. The motor starter of claim 11 wherein the startup
mode includes toggling the plurality of wye configuration
switches and opening the plurality of delta configuration
switches until a motor current falls below a delta current
threshold, and then opening each switch of the plurality of
wye configuration switches and toggling each switch of the
plurality of delta configuration switches in response to the
motor current falling below the delta current threshold.

13. The motor starter of claim 12 wherein toggling the
plurality of wye configuration switches during startup mode
is effective to maintain a motor current below a maximum
current threshold.

14. The motor starter of claim 13 wherein toggling the
plurality of wye configuration switches includes adjusting a
first firing angle and toggling the delta configuration
switches includes adjusting a second firing angle.

15. A method for starting a synchronous machine coupled
to a high inertia load comprising:

operating a motor starter including a plurality of wye

semiconductor switches each coupled between a com-
mon node and one stator phase winding of a plurality
of stator phase windings, and a plurality of delta
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semiconductor switches each coupled between two
stator phase windings of the plurality of stator phase
windings;

arranging the plurality of stator phase windings in a delta

configuration using the motor starter;

receiving an unmodified AC power from a power source

including a first line-to-line voltage;
providing a modified AC power to the plurality of stator
phase windings using the motor starter, the modified
AC power including a winding voltage across each of
the plurality of stator phase windings greater than a
value equal to the first line-to-line voltage divided by
the square root of three;
determining an angular speed of a rotor of the synchro-
nous machine is equal to a synchronous speed; and

arranging the plurality of stator phase windings in a wye
configuration using the motor starter in response to
determining the angular speed of the rotor is equal to
the synchronous speed.

16. The method of claim 15, wherein the high inertia load
is a fan and the rotor includes a plurality of permanent
magnets.

17. The method of claim 15 wherein the unmodified AC
power includes a first phase and a second phase, and the first
line-to-line voltage is the voltage across the first phase and
the second phase.

18. The method of claim 15 wherein arranging the plu-
rality of stator phase windings in a delta configuration
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includes opening the plurality of wye semiconductor
switches and toggling the plurality of delta semiconductor
switches effective to reduce an inrush current below a
maximum current threshold.

19. The method of claim 18 comprising arranging the
plurality of stator phase windings in a startup wye configu-
ration; determining a current is below a delta current thresh-
old, wherein arranging the plurality of stator phase windings
in the delta configuration is performed in response to deter-
mining the current is below the delta current threshold, and
wherein arranging the plurality of stator phase windings in
the startup wye configuration includes opening the delta
semiconductor switches and toggling the wye semiconduc-
tor switches.

20. The method of claim 19 wherein toggling the plurality
of wye semiconductor switches and the plurality of delta
semiconductor switches includes opening and closing each
switch during zero-current conditions.

21. The method of claim 15 wherein the motor starter
comprises a bypass circuit including a plurality of bypass
switches, and wherein arranging the plurality of stator phase
windings in a wye configuration using the motor starter
includes opening the plurality of wye semiconductor
switches, opening the plurality of delta semiconductor
switches, and closing the plurality of bypass switches.
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